We have produced monoclonal antibodies against two Orgvia pseudotsugata mtdticapsid nuclear polyhedrosis virus (OpMNPV) transcriptional trans-activators, IE-1 and IE-2. Temporal analysis of IE-1 and IE-2 proteins have shown that IE-1 continues to increase in steadystate levels from 0 to 120 h post-infection, whereas IE-2 declines by 36 h post-infection. At least five different electrophoretic forms of IE-1 are present in OpMNPVinfected LD652Y cells of which three appear to be from the non-spliced IE-1 gene. Cotransfection experiments also showed that IE-1 causes a reduction in the levels of IE-2 protein but concurrently IE-2 increases IE-1 expression. Western blot analysis indicated that a form of IE-1 copurified with budded virions but did not copurify with the polyhedron-derived virus.
Introduction
The baculovirus Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus (OpMNPV) has been shown to encode at least two regulatory genes, IE-1 and IE-2 (Theilmann & Stewart, 1991 , 1992a . The IE-1 gene is spliced and produces two major transcripts at early times post-infection (p.i.) that are 1"7 and 1.9 kb in size. The smaller 1"7 kb transcript has been completely sequenced and encodes a predicted protein of 560 amino acids with an Mr of 64775. The amino terminus of the predicted IE-1 protein is highly acidic suggesting that this gene is of the acidic class of transcriptional activators, similar to GAL4 of yeast and gene VP16 of herpes simplex virus type 1 (HSV-1) (Sadowski et al., 1988; Triezenberg et al., 1988; Theilmann & Stewart, 1991; Kovacs et al., 1992) . IE-1 has been shown to be a trans-activator of early genes as well as activating its own expression. In addition, the IE-1 gene of the related baculovirus Autographa californica multicapsid nuclear polyhedrosis virus (AcMNPV) has been shown to be required for late gene activation (Guarino & Summers, 1988) .
The IE-2 gene of OpMNPV is a trans-activator that will trans-activate the IE-1 gene and in addition autoregulates its own promoter. IE-2 is expressed as a non-spliced transcript from 0 to 48 h p.i. and encodes a predicted protein of Mr 45640 (Theilmann & Stewart, 1992a) . The predicted protein contains a putative DNAbinding zinc finger domain that is similar to domains identified in a number of eukaryotic transcriptional regulators. The same class of zinc finger domains are also found in the OpMNPV CG30 and p34 (originally called OpPE38) genes and the homologous AcMNPV genes (CG30 and PE38) (Thiem & Miller, 1989; Krappa & Knebel-Morsdorf, 1991; Theilmann & Stewart, 1992b) .
Transcriptional analysis has shown that the nonspliced IE-1 transcript increases in steady-state levels up to late times p.i. (Theilmann & Stewart, 1991) . In contrast IE-2 transcripts reach maximum levels by 4 h p.i. and decline slightly at 48 h p.i. (Theilmann & Stewart, 1992a) . Previous studies have analysed the transcription of these two genes and in addition, indirectly analysed their trans-activating functions using reporter genes. In this study we report the further analysis of the OpMNPV IE-1 and IE-2 genes using monoclonal antibodies (MAbs). Our results indicate that there are multiple forms of IE-1 produced and that the steady-state levels increase throughout infection from early to very late times. In addition, a single form of IE-1 is associated with purified budded virus (BV) suggesting that this virion phenotype may contain a transcriptional trans-activator as a structural component. In contrast the IE-2 gene is almost undetectable at late times p.i. and does not copurify with either the BV or the polyhedronderived virus (PDV).
Methods
Viruses and cell culture. OpMNPV was obtained from G.F. Rohrmann and propagated in Lymantria dispar cells (IPLB LD652Y) in TC-100 medium as previously described (Quant-Russell et al., 1987) . Spodoptera frugiperda (Sf9) cells were also maintained in TC-100 medium as described by Summers & Smith (1987) . Budded virus and occluded virus were purified using previously described protocols (Summers & Smith, 1987; Gombart et al., 1989) . Cells were transfected D. A . T h e i l m a n n a n d S. S t e w a r t Labelling is the same as in (a). The blot was developed using a peroxidase-linked secondary antibody with a chemiluminescent substrate. with plasmid constructs as described elsewhere (Guarino & Summers, 1986; Theilmann & Stewart, 1991) .
Plasmid constructs. All IE-1 and IE-2 plasmid constructs were derived from the cosmid Op47 (Leisy et al., 1984) using convenient restriction endonuclease sites and standard subcloning techniques (Fig.  2a) . The IE-2 plasmid (IE2-E2.3) used for transient assays contains 566 bp of the 5" sequence and 346 bp of the 3' sequence relative to the I E -2 0 R F (Theilmann & Stewart, 1992a) . Bacterial fusion proteins were produced from plasmids that fused the IE-1 and IE-2 open reading frames (ORFs) to glutathione S-transferase in the bacterial expression vector pGEX-3X using standard techniques (Smith & Johnson, 1988) . The I E -1 0 R F was cloned into pGEX-3X to produce a fusion protein that was missing only the first 18 amino acids of the 560 amino acid non-spliced IE-1 protein. The I E -2 0 R F was cloned into pGEX-3X to produce a fusion protein that was missing the first 95 amino acids of the 405 amino acid IE-2 proteon. For analysis of gp64 in transfected cells the plasmid p64-166 was used (Blissard & Wenz, 1992) .
MAbs. MAbs were produced in BALB/c mice against bacterially expressed antigen using standard methods (Harlow & Lane, 1988) . Two MAbs, IEI-10 and IE2-15A1, that had similar sensitivities on Western blots for the IE-1 and IE-2 fusion proteins respectively, were used for this study. To detect gp64 and capsid protein (p39) on Western blots the MAbs AcV5 and MAb 236, respectively, were used (Hohmann & Faulkner, 1983; Gombart et al., 1989; Blissard & Wenz, 1992 (Blissard & Rohrmann, 1989) . At each time point the infected cells were harvested using a rubber policeman and the cells were pelleted, washed once with PBS (10-1 mM-Na~HPOa, 1.8 mM-KH~PO4, 2.7 mM-KC1, 136 mM-NaC1, pH 7.2), resuspended in PBS or 0.1 M-NaOH and then lysed with an equal volume of 2 × protein sample buffer (0.25 M-Tris-HC1 pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.002% bromophenol blue). SDS~PAGE and Western blots were performed using standard techniques (Laemmli, 1970; Sambrook et al., 1989) . Western blots were incubated with ascites fluid or cell culture supernatant that contained the MAbs to IE-1 (IEt-10) or IE-2 (IE2-15A2) for 1 h. Blots were washed for 20 min in three changes of PBS and immunoreactive proteins were detected using anti-mouse alkaline phosphatase-or peroxidase-linked secondary antibodies (Jackson Laboratories) followed by development with a nitroblue tetrazolium and 5-bromo-4-chloro-3 indolyl phosphate (NBT/BCIP; Gibco-BRL) substrate or a chemiluminescent substrate (ECL; Amersham) respectively, using the manufacturers' specifications.
Results
Previous analysis of the IE-1 gene of OpMNPV showed that expression of both the spliced and non-spliced IE-1 mRNAs initiated at very early times p.i. The nonspliced form of IE-1 was found to increase in steady-state levels up to very late times (48 h p.i.), whereas the spliced form had peak levels at 4 to 6 h p.i. (Theilmann & Stewart, 1991) . To determine whether the IE-1 protein followed a similar pattern the steady-state levels in infected LD652Y cells from 0 to 120 h p.i. were analysed by Western blotting (Fig. 1) . The results showed that IE-1 was translated at the earliest times analysed (Fig. 1 b) and the steady-state levels continued to increase up to 120 h p.i. In addition at least five major electrophoretic forms of IE-1 can be resolved on a 7.5% SDSpolyacrylamide gel. The IE-1 bands are clustered around the 66K size marker which agrees quite well with the predicted size of 64.7K (Theilmann & Stewart, 1991) . We have labelled the five major forms IE-la~e ( Fig. 1) , with IE-I~ being the largest and IE-1 e the smallest. During the course of infection the IE-1 a form accumulates to the highest levels relative to the other major forms.
The MAb to IE-1 will bind to both the spliced and non-spliced forms of IE-1 since the spliced IE-1 only adds amino acids to the N terminus of the protein (Chisholm & Henner, 1988; Kovacs et al., 1991a; Theilmann & Stewart, 1991) . This suggested that at least one of the five major forms of IE-1 that we detected in the time course analysis would originate from the spliced IE-1 message. To determine which of the five forms were from the non-spliced message, we performed transfection experiments with cosmid and plasmid clones of the IE-1 gene region (Fig. 2) . Extracts from transfected cells and infected cells were compared by Western blots of 7"5 % SDS-PAGE gels (Fig. 2b) . The plasmids Op47Sal-IE-1,
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Op47Pst-Bll7 and Op47Pst-6.0 produced only the IE-lo.a. e forms, whereas all major forms were produced from the Op47, Op47HS-7.4 and Op47HE-11.2 transfected cells. The Op47Sal-IE-1 plasmid contains only the non-spliced IE-1 gene (Theilmann & Stewart, 1991) which indicates that the c, d and e forms of IE-1 originate from the non-spliced IE-1. These results also mapped the region that was required for the production of IE-I~, b to between 90.3 to 92"7 map units (m.u.) (Fig. 2a) and probably contains the spliced exon of IE-1. This region is 3.6 to 6-7 kb upstream from the non-spliced IE-1 transcriptional start site which is similar to exon 0 of the AcMNPV IE-1 gene that is located approximately 4.0 kb upstream from the non-spliced gene (Chisholm & Henner, 1988) . HSV-1 has been shown to contain at least two transcriptional regulators as structural components of and p74 which are shown for reference. P, PstI; H, HindIII; C, ClaI; E, EcoRI; B, BamHI; X, XbaI. (b) Western blot analysis of total protein from transfected and infected (at 6 h p.i., lane 4) LD652Y cells separated in a 7-5 % SDS-PAGE gel. Lanes: 1, transfected with Op47; 2, Op47HS-7.4; 3, Op47HE-11.2; 5, Op47Pst-6.0; 6, Op47Pst-Bll7; 7, Op47Sal-IE 1. The specific forms of IE-1 detected are indicated on the left and right. their mature virions, VP16 and ICP4 (Batterson & Roizman, 1983; Yao & Courtney, 1989) . Since IE-1 was produced at such high levels at late times p.i. we wanted to determine whether baculoviruses use a similar strategy and incorporate IE-1 into the mature virion. Budded virus was therefore purified on sucrose gradients and the sample was denatured and analysed by SDS-PAGE and Western blotting (Fig. 3) . The Western blot analysis of BV using the IE-1 antibody detected a single band that comigrates with or slightly below the IE-1 e band in infected cells. Comparison with the Coomassie bluestained SDS-PAGE gel of purified virions showed that the IE-1 protein in purified virions comigrates with the major BV band at approximately 64K (Fig. 3) .
To determine whether a form of IE-1 was also associated with PDV we analysed this viral phenotype using the procedure described by Gombart et al. (1989) . As shown in Fig. 4(a) we were unable to detect any form (a) PDV was analysed using the protocol described by Gombart et al. (1989) . O p M N P ¥ polyhedra were dissolved in dilute alkaline saline (DAS; 1 M-Na~CO 3, 50mM-NaCI). Insoluble material was pelleted and resuspended in protein sample buffer (DAS-P, lanes 4) and the supernatant was mixed with an equal volume of 2 x protein sample buffer (DAS-S, lanes 3). Samples were separated on 10 % SDS-PAGE gels along with infected LD652Y cell extracts at 24 h p.i. (lanes 1) and IE-l-transfected LD652Y cells (lanes 2). Duplicate blots were probed with an IE-1 MAb and a MAb to the PDV-associated protein p39 (Pearson et al., 1988) as a control. (b) To ensure that the IE-l-specific band that comigrates with the 64K band of purified BV (Fig. 3) was not due to cross-reactivity with the gp64 glycoprotein, Western blots were performed on IE-1 (10.0 lag; Op47HS-7.4, Op47Sal-IE-1) and gp64 of IE-1 in PDV by Western blot analysis. To ensure we were able to detect PDV-associated proteins we probed a duplicate blot with a MAb to the PDV-associated protein p39 (Gombart et al., 1989) . This control blot clearly detected the majority of the p39 in the DAS-P fraction as previously reported by Gombart et al. (1989) . These results therefore suggest that IE-1 associates only with BV and not with PDV. Previous studies have shown that the major band at 64K on the Coomassie blue-stained SDS-polyacrylamide • IE-2 gel of purified BV (Fig. 3) contains the BV-specific protein gp64 which is required for the infectivity of this viral phenotype (Blissard & Rohrmann, 1989) . Similar to what we observed for IE-1, gp64 is BV-specific and not present in PDV. To ensure that the IE-1 MAb was not cross-reacting with the gp64 protein we examined by Western blotting gp64 expressed in plasmid-transfected Sf9 cells to determine whether IE-1 would cross-react with gp64. The results in Fig. 4(b) show that the IE-1 MAb does not cross-react with gp64 indicating that the major 64K band of purified BV contains both gp64 and the transcriptional trans-activator IE-1. We have also used additional IE-1 MAbs that recognize different epitopes and all detected the presence of IE-1 in BV proteins (data not shown). This indicates that the IE-1 band we observe is probably not caused by a fortuitous cross-reaction with an unknown BV-specific viral protein. MAbs were also generated against the IE-2 transactivator and were used to analyse IE-2 expression in infected and transfected cells. It was previously shown that the IE-2 mRNA is detected at 0-5 to 48 h p.i. with peak steady-state levels obtained by 4 h p.i. (Theilmann & Stewart, 1992a) . In the analysis of the steady-state levels of IE-2 by SDS-PAGE and Western blotting, it was observed that the IE-2 protein was first detected at the earliest time examined (1.5 h p.i.), had peak levels at 12 to 24 h p.i. and was nearly undetectable by 48 h p.i. (Fig. 5) . Unlike IE-1, only one form of IE-2 was observed in infected cells at early times but at late times two faint bands can be detected. Purified BV and PDV were also analysed to determine whether IE-2 was also being incorporated into the structural components of the virions, but Western blot analysis failed to detect any IE-2 in either virion phenotype (data not shown). . Western blot analysis of IE-2 trans-activation of IE-1. LD652Y cells were transfected with 1 "0 gg of IE-1-containing plasmid (Op47Sal-IE-1) and 5.0 gg of an IE-2-containing plasmid. Transfected total cell extracts were separated by 10 % S D S -P A G E and analysed by Western blotting using MAbs to IE-1 and IE-2. Bound antibody was detected using a peroxidase-linked secondary antibody with a chemiluminescent substrate. The numbers at the top above the blot refer to the amount (gg) of the IE-1 or IE-2 plasmids that were transfected into 2 x 106 cells. Each lane represents a separate transfection and the total protein from 5 x 104 cells.
Previous transfection experiments using the chloramphenicol acetyltransferase (CAT) reporter gene have shown that the IE-1 promoter is up-regulated by IE-2 (Theilmann & Stewart, 1992a) . To determine whether the up-regulation is also observed in the actual levels of protein produced by these two genes, we performed cotransfection experiments and analysed the levels of gene expression by Western blot analysis. The IE-1 (nonspliced) plasmid was transfected into LD652Y cells with the IE-2 plasmid and the cell extracts were examined by 10 % SDS-PAGE and Western blotting (Fig. 6 ). Under these conditions IE-lo.a. e comigrate as a single band which permits simple estimation of the total IE-1 present in transfected cells by scanning densitometry. The results show that the level of IE-1 increases by approximately 40 % when cotransfected with IE-2. In contrast to IE-1, the levels of IE-2 decreased when the two plasmids were cotransfected. These results indicate that IE-2 is trans-activating IE-1 but concurrently IE-1 appears to be down-regulating IE-2 expression.
Discussion
In this study we extend the analysis of the IE-1 and IE-2 regulatory proteins of OpMNPV by using MAbs to analyse their expression in infected and transfected cells. In OpMNPV-infected LD652Y cells IE-1 is present in increasing amounts up to 120 h p.i. and migrates as at least five major electrophoretic forms on denaturing protein gels. The IE-2 protein is present in significantly lower amounts and is almost undetectable by 48 h p.i. In addition, we have shown that a form of the transcriptional trans-activator IE-1 copurifies with the BV suggesting that it is a structural component of the virion phenotype.
It has been previously hypothesized that IE-1 may be a component of the virion (Miller, 1988) . The copurification of a form of IE-1 with BV agrees with this hypothesis and suggests that it may be similar to the virion-associated trans-activator VP16 of HSV-1 (Spear & Roizman, 1972; Campbell et al., 1984; Dalrymple et al., 1985; Pellett et al., 1985) . VP16 has a very strong acidic activating domain and is required for the transactivation of herpesvirus immediate early viral genes in infected cells. Interestingly, IE-1 has also been shown to have an acidic amino-terminal domain and is believed to be an acidic transcriptional trans-activator similar to VP16 (Theilmann & Stewart, 1991 ; Kovacs et al., 1992) . IE-1 is expressed immediately upon infection of the cell and will trans-activate its own promoter and that of other early genes (Theilmann & Stewart, 1991) . The incorporation of IE-1 into the virion may improve the efficiency of BV infections and accelerating viral replication within a host cell by trans-activating early genes immediately upon infection without the requirement for de novo protein synthesis. This would explain previous studies that have shown that in transient assays the AcMNPV gene 35K requires IE-1 for high level expression yet is transcribed in the presence of cycloheximide following BV infection (Rice & Miller, 1986; Friesen & Miller, 1987; Nissen & Friesen, 1989) . In addition, other AcMNPV early genes such as DA26 and p143 have been shown to be transcribed in the presence of cycloheximide (O'Reilly et al., 1990; Lu & Carstens, 1992) which our results suggest may be due to activation by the virion form of IE-1.
Our data show that IE-1 produces at least five different electrophoretic forms that react with our MAbs, of which IE-lo.a. e appear to originate from the non-spliced IE-1 gene product (Fig. 3b) . Other acidic domain transcriptional regulators have been shown to be phosphorylated and this results in a number of electrophoretic species when analysed by SDS-PAGE (Lemaster & Roizman, 1980; Triezenberg et al., 1988; Sadowski et al., 1991; Hunter & Karin, 1992) . It is possible that some of the electrophoretic species of IE-1 are also due to differential phosphorylation of the protein and future studies will be directed at analysing this question.
The time-course analysis of IE-1 and IE-2 indicate that they are under very different regulation. The continued expression of IE-1 throughout infection indicates that it is required immediately and continuously and at relatively high levels. In contrast, the analysis of the transactivator IE-2 indicated that this protein had very low level expression with peak levels between 12 to 24 h p.i. Therefore, IE-2 is required predominantly around the time of the initiation of DNA replication which is approximately 18 h p.i. (Bradford et al., 1990) . This suggests that IE-2 is not just required for IE-1 transactivation since IE-1 is expressed at continuously increasing levels even at late times p.i. when IE-2 is at nearly undetectable levels. In agreement with this we have recently observed that IE-2 will trans-activate another early gene called p8.9 (Wu et al., 1993) .
We found that transfection of plasmid DNA containing the IE-2 gene produced much higher levels of protein than could be detected in infected cell extracts (Fig. 5 ). This suggests that in vivo, in the presence of other viral factors, the expression of the IE-2 gene is being repressed. One of these viral factors may be IE-1 as our results showed that IE-1 can cause a reduction in IE-2 expression in transient assays (Fig. 6) . Similar results have been described using reporter genes for the homologous AcMNPV IE-1 and IE-N genes (Carson et al., 1991) . The high levels of IE-1 observed in infected cells at late times p.i. may be partially responsible for the low levels of IE-2 expression observed. The mechanism by which IE-1 causes this reduction in IE-2 remains to be determined but it could be that in the presence of IE-1, IE-2 is more efficiently sequestered to the IE-1 promoter. Alternatively, the negative regulation of IE-2 by IE-1 could be due to a squelching phenomenon (Ptashne, 1988) with IE-1 titrating out factors that are limiting and which are required by 1E-2 for its autoactivation.
In conclusion, we have shown that IE-1 is produced early and continuously in infected cells. In addition, IE-1 was found to be associated with purified BV suggesting that this transcriptional trans-activator may be a structural component of this virion phenotype. Recent studies (Kovacs et al., 1991a (Kovacs et al., , b, 1992 have shown that the homologous AcMNPV IE-1 is a multifunctional protein and appears to have a complex role in the viral life cycle. The analysis of the origin of the various electrophoretic forms of OpMNPV IE-1 described in this study will be important for determining the probable multifunctional role of this protein, including the mechanism by which it down-regulates IE-2 expression. TI~ILMANN, D.A. & Sa~WART, S. (1992b ( Received 16 March 1993; Accepted 20 April 1993) 
